It is known that the present electroweak vacuum is likely to be metastable and it may lead to a serious instability during/after inflation. We propose a simple solution to the problem of vacuum instability during/after inflation. If there is a moduli field which has Planck-suppressed interactions with the standard model fields, the Higgs quartic coupling in the early universe naturally takes a different value from the present one. A slight change of the quartic coupling in the early universe makes the Higgs potential absolutely stable and hence we are free from the vacuum instability during/after inflation.
INTRODUCTION
After the discovery of the 125 GeV Higgs boson [1, 2] , one of the interesting cosmological issues is the stability of the electroweak vacuum. If we take the center value of the measured top quark mass [3] , the quartic coupling becomes negative at energy scale of ∼ 10 10 GeV, and hence the present electroweak vacuum is metastable [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . 1 Although the lifetime of the present vacuum is much longer than the age of the universe, it is non-trivial whether or not the Higgs falls into unwanted deeper minimum in the early universe.
First let us suppose that there is no large effective mass term for the Higgs during inflation. During inflation, the infrared (IR) Higgs fluctuations develop. The typical amplitude of the quantum fluctuation generated during the one Hubble time is ∼ inf /2π with inf being the Hubble scale during inflation. This process can be viewed as a classical random walk process [17] . As a result, after N e-foldings, the mean Higgs field value acquires
where h is the field value of the physical Higgs boson. The classical motion overcomes this quantum noise for h h c where 
Here m 2 eff (h) = λh 2 is the effective mass of the Higgs. This means that the natural value of the Higgs field value during inflation is h min N inf 2π , h c .
Since the total e-folding number N must be larger than ∼ 50, we can reasonably take h ∼ h c . 1 It may be possible to make the electroweak vacuum absolutely stable by, e.g. introducing an additional Higgs portal singlet scalar which acquires a large vacuum expectation value. See Refs. [15, 16] .
So far we have assumed that the Higgs quartic coupling λ is positive independently of the Higgs field value. However, it is actually indicated that λ becomes negative at high energy scale (which we denote by h max ) due to the loop effect caused by the large top yukawa coupling. 2 It is clear that it leads to a disaster if h max < h c : in this case the Higgs falls into the true vacuum during inflation and the present electroweak vacuum is never realized thereafter [18] [19] [20] [21] [22] [23] [24] .
The vacuum instability during inflation is easily avoided by introducing a Higgs-inflaton and/or Higgs-curvature coupling like
where I and R are the inflaton field and Ricci scalar, respectively and H denotes the Higgs doublet. These couplings generate large mass terms for the Higgs field and hence the development of IR fluctuations can be suppressed. Even in this case, however, we must take care of the vacuum instability occurring after inflation, since these additional mass terms rapidly oscillate during the inflaton oscillation era and it leads to the resonant enhancement of the Higgs fluctuations. To avoid the catastrophe, upper bounds on these coupling constants are obtained [25] [26] [27] . Combined with the requirement of the vacuum stability during inflation, there is only a small window for the parameter region of these coupling constants. 3 In this letter we propose a different approach for the issue of the vacuum stability during/after inflation. The crucial observation is that the Higgs quartic coupling in the early universe needs not coincide with that of the present value. In particular, it may depend on the value of some scalar field, φ, which we call moduli. Since the field value of moduli during/after inflation can be different from the present one, it is natural to expect that the quartic coupling in the early universe is also different from the present one. If the additional contribution to the quartic coupling is the same order as the present one, the absolute stability of the Higgs potential during/after inflation is ensured.
ELECTROWEAK VACUUM STABILIZED BY MODULI
We consider a moduli field φ which has Plancksuppressed interactions with standard model (SM) fields. For the stability of Higgs, the most important coupling is the moduli coupling to the Higgs:
where c λ is the coupling constant of (1), v φ is the present vacuum expectation value (VEV) of moduli and M P is the reduced Planck scale. The potential of the moduli is assumed to be
where denotes the Hubble parameter, m φ is the moduli mass and C H is a coupling constant. 4 It ensures that in the early universe m φ , the moduli sits at φ m
2 ). When the moduli is displaced from the minimum v φ , the effective quartic coupling is given by
Here and in what follows the subscript 0 indicates that the quantity is evaluated at the present vacuum φ = v φ . In particular, during/after inflation at which C H m φ (and hence |φ| v φ ), it is approximately given by
Since ξ λ is naturally expected to be (0.1-1), it significantly modifies the Higgs potential in the early universe and even the vacuum H = 0 can be absolutely stable. 5 Not only the quartic coupling, but also the top yukawa coupling y t is modified if the moduli has a coupling like
where y t 0 is the present top yukawa coupling, Q t is the lefthanded top quark doublet, t R is the right-handed top quark and c y is a coupling constant of (1). The effective top yukawa coupling is given by
Similarly to the quartic coupling, for C H m φ it is approximately given by
It is known that the Higgs potential is very sensitive to the top mass (or top yukawa) and even a few percent decrease of the top mass compared with the center value makes the Higgs potential absolutely stable (See e.g., [13] ). Since ξ y is naturally expected to be (0.1-1), it can also significantly modify the Higgs potential in the early universe through the radiative correction. 6 The gauge coupling constants can also be modified in a similar fashion by introducing the moduli couplings like
For m φ , the gauge couplings g i , with i = 1, 2, 3 corresponding to the U(1), SU(2) and SU(3) gauge groups, become
All of these modifications of coupling constants by the moduli significantly affect the stability of electroweak vacuum in the early universe. For simplicity, below we consider nonzero ξ λ and ξ y only. 7 We have calculated the effective potential of the Higgs at the one-loop order for non-zero ξ λ and ξ y according to Ref. [13] ,
We have imposed the boundary condition (8) and (11) at the Planck scale and define h max by (∂ V h /∂ h) h=hmax = 0. We have chosen λ 0 and y t 0 at the Planck scale such that they reproduce the current central values of the Higgs and top quark masses at the electroweak scale when ξ λ = ξ y = 0. Fig. 1 plots h max as a function of ξ λ for several choices of ξ y . 6 Flavor symmetry may suppress the coupling of the moduli to other SM quarks and leptons so that they are less important than the top yukawa coupling for the vacuum stability. 7 The moduli may also couple to the Higgs kinetic term. However, such a coupling is translated into Eqs. (7) and (9) after canonically normalizing the Higgs for constant φ. Hence we neglect it here. It is seen that −ξ λ ∼ (0.01) is sufficient to ensure the absolute stability of the Higgs. Note that we may need at least h max inf for the vacuum stability because there may be a infrared cutoff at the energy scale of ∼ inf during inflation.
Here we comment on some subtleties related to the effective potential. It is known that an effective potential is generally gauge dependent [30] . Although extrema of the effective potential are formally gauge independent [31, 32] , still some care is needed to maintain the gauge independence of the extrema in the perturbative calculation [33] . One should take care of these subtleties for the precise calculation of, e.g., the life time of the electroweak vacuum [34] . Our main purpose here is, however, not to precisely determine ξ λ and ξ y needed for the absolute stability of the Higgs, but to demonstrate our key idea. Hence our treatment is enough for that purpose.
AFTER INFLATION
In the previous section we have seen that the presence of the moduli can make the Higgs potential absolutely stable as long as the moduli φ is displaced from its potential minimum. However, the deeper minimum appears after the moduli starts to oscillate. In order for the Higgs not to fall into the deeper minimum, the amplitude of the Higgs condensate or the typical fluctuation of the Higgs must be smaller than ∼ 10 10 GeV at ∼ m φ . This leads to a constraint on the moduli mass. Let us now see the dynamics of the Higgs and moduli after inflation.
Before moduli oscillation
Here we briefly study the dynamics of Higgs condensate after inflation, but before the moduli starts to oscillate: m φ < inf . First, let us suppose that the Higgs condensate develops as (2) during inflation. Just after inflation, it starts to oscillate and it behaves as relativistic matter since the potential is quartic. At the early stage of Higgs oscillation, the resonant production of weak gauge bosons happens [35, 36] while the Higgs amplitude decreases due to the Hubble expansion. The inflaton decay also produces hightemperature plasma which scatters off the Higgs condensate. It acts as the dissipation effect on the Higgs condensate [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Both processes tend to thermalize the Higgs condensate.
If, on the other hand, the Higgs is strongly stabilized at the origin due to the coupling like (4) during inflation, highly inhomogeneous Higgs fluctuations develop after the inflaton starts to oscillate [25] [26] [27] . The efficiency of weak gauge boson production is somehow reduced at the first stage compared with the case of homogeneous Higgs condensate. Also in this case, the dissipation effect of the plasma produced by the inflaton decay makes the system close to thermalized plasma.
In order to investigate the dissipation effect, we first estimate the time when the SM particles produced via the inflaton decay are thermalized. To be concrete, suppose that the inflaton reheats the universe via Planck-suppressed operators. In this case, the thermalization rate is estimated as T R 10 10 GeV 4 5 . (16) At that time, the amplitude of Higgs is at most h(t th ) ∼ 5×10 10 GeV (0.01/λ) 1/4 owing to the cosmic expansion, even if we neglect the thermal dissipation of Higgs for h > T [45] . Once the amplitude of Higgs becomes smaller than the cosmic temperature T , the dissipation rate of Higgs may be estimated as Γ dis ∼ α 2 T . Then, the dissipation rate of Higgs at t th is simply given by Γ dis ∼ α 2 T th , which is larger than the Hubble parameter at t th . Therefore, we expect that the whole system including Higgs is thermalized at least by t th . Now we conservatively impose the condition on the moduli mass as m φ C H T =Tth , i.e., m φ 3 × 10 9 GeVC H α 0.1 16 5 10 13 GeV m I 4 5 T R 10 10 GeV 6 5 . (17) It ensures that the Higgs is thermalized before the moduli starts to oscillate. Once thermalized, we can rely on the standard analysis based on the thermal bounce calculation. Thus, the vacuum metastability is maintained for the center value of the Higgs and top quark masses even after the moduli oscillation [50] . (For some subtle issues relating to the moduli oscillation, see the next subsection.)
We derived a conservative upper bound on the moduli mass (17), but there is also a lower bound. This is because the moduli we have introduced couples to SM particles via Planck-suppressed interactions, and hence it generally causes a cosmological moduli problem [51] [52] [53] [54] [55] . In order for the moduli to decay well before the big-bang nucleosynthesis begins, we need m φ 100 TeV. Anyway, there is a window for the moduli mass for the present solution to the vacuum stability problem to work.
After moduli oscillation
Now let us see more closely what happens after moduli starts to oscillate around its potential minimum: m φ . Fig. 2 shows the time evolution of the moduli φ for C H = 1, 3 and 10. We assume v φ M P /C H so that the moduli does not dominate the universe before the oscillation.
For C H = 1, the moduli reaches its maximum value φ max /v φ 1.17 during the first oscillation. It means that the effective quartic coupling at φ = φ max takes
It is slightly (negatively) larger than the present quartic coupling at high energy scales and hence it tends to make the vacuum unstable compared with the pure SM calculation. Although it is difficult and beyond the scope of this letter to precisely analyze the vacuum stability in the presence of oscillating moduli or the rapidly changing Higgs potential, we may regard the time-dependent Higgs potential as if it is static as long as the temperature is much higher than the moduli oscillation frequency. Actually the last condition is satisfied for the most cases of our interest. If we take ξ λ −0.02 for the absolute stability during inflation, the relative enhancement of the quartic coupling is about 0.3 at the Planck scale, which does not significantly affect the vacuum stability in thermal environment [50] .
On the other hand, for C H 3, the adiabatic suppression mechanism works [56] and the oscillation amplitude of the moduli is greatly reduced as seen in Fig. 2 . 8 In such a 8 The oscillation amplitude is in general not exponentially suppressed as case, there is no enhancement of the Higgs quartic and top yukawa couplings since the moduli adiabatically relaxes to the potential minimum and hence the vacuum stability issue reduces to the standard analysis based on the pure SM couplings.
DISCUSSION
We have shown that the moduli-dependent Higgs quartic (as well as other) couplings can make the electroweak vacuum stable in the early universe. This provides a simple solution to the vacuum stability problem during/after inflation. We have demonstrated that the stability of our vacuum is ensured with a natural choice of parameters; −ξ λ ∼ (0.1) and C H ∼ (1).
Our key idea is that the coupling constants may depend on the field value of some scalar fields. Although we concentrated on the moduli-like field, there are lots of other possibilities. For example, in models with abelian flavor symmetry [58] , yukawa couplings are determined by the so-called flavon field (for a recent brief review, see e.g. Ref. [59] and references therein) and it may be natural to consider the varying yukawa couplings along with the flavon dynamics. 9 In this class of models, a complex scalar S, charged under U(1) F , couples to SM fields like
where M is a cutoff scale. Depending on the charge assignments of SM quarks under U(1) F , the exponents n i j ∼ exp(−C H ) for large C H as proved in Ref. [57] , but still the amplitude is suppressed enough to be neglected in our purpose. 9 Recently it is pointed out that the change of yukawa coupling in this class of models may lead to the first-order electroweak phase transition [60] .
are fixed. For 〈S〉/M ∼ 0.23 and appropriate charge assignments, all the yukawa couplings y i j can be (1) and hence the hierarchy of quark masses as well as quark mixing angles are naturally explained. Unfortunately, the top yukawa entry has n u 33 = 0 since the top yukawa coupling is already (1) without introducing flavon in a typical flavon model . However, it is allowed to add a flavon-dependent term
without conflicting the symmetry. This can modify the Higgs quartic and top yukawa couplings up to (〈S〉/M ) 2 ∼ 0.05 depending on the flavon dynamics in the early universe. As we have seen, an (0.01) change in the quartic and/or top yukawa is enough to make sure that the vacuum is absolutely stable. Note that the cosmology is somewhat nontrivial because the spontaneous breaking of U(1) F symmetry after inflation leads to cosmic strings, and if there is a (small) explicit breaking term, stable or unstable domain walls will appear depending on the breaking pattern (See e.g., Refs. [61, 62] for related issues). We leave these issues for future work.
